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The paper reviews the principal features of the Nuclear Quadrupole Double Resonance 
(NQ DO R) technique, with particular emphasis on its application to the investigation of imperfec­
tions in cubic metals. N Q D O R  permits measurements of the electric field gradients (EFG) at 
quadrupole-moment-carrying nuclei in the neighbourhood of point defects and thus to obtain 
“fingerprints” of these defects. An N Q D O R  facility set-up at the Max-Planck-Institut für M etall­
forschung in Stuttgart is described. It has been used to study the intrinsic defects introduced into Cu 
and dilute Cu/Be alloys by low-temperature irradiation with electrons or protons or by cold-work. 
It is shown that all well-resolved irradiation-induced EFG observed in the present work are due to 
one kind of defect only, which is identified as the <100) dumbbell self-interstitial. When considered 
together with measurements of the electrical resistivity on the same specimens, the annealing be­
haviour of the N Q D O R  lines supports the so-called two-interstitial model of radiation damage in 
face-centred cubic metals rather than the one-interstitial model.

Key words: Nuclear quadrupole double resonance; Self-interstitials; Vacancies; Radiation dam­
age; Intrinsic point defects in copper.

1. Introduction

Since the early 1950s the behaviour of intrinsic 
point defects (vacancies and  self-interstitials) in metals 
under non-equilibrium  conditions has been investi­
gated extensively [1 , 2 ], p rom pted  by interest in the 
changes of properties of m aterials caused by irrad ia­
tion w ith energetic particles. Nevertheless, m any ob­
servations in this field are still no t well understood.

Especially the identification of intrinsic point de­
fects in metals is still under discussion. This is due, on 
the one hand, to  the wide variety of com plicating 
effects such as trapping  of m obile defects at impurities, 
form ation of defect clusters etc. and, on the other 
hand, to  the fact th a t only under very special condi­
tions can po in t defects be studied directly by imaging 
m ethods (e.g., field ion m icroscopy, electron m icros­
copy, tunnelling microscopy).
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M ost of our present knowledge on intrinsic point 
defects in metals was obtained by m ethods such as 
electrical resistance m easurem ents, which do not al­
low us to  distinguish between different types of lattice 
defects or which require fairly high defect concentra­
tions (such as, e.g., X-ray scattering), o r by means of 
special probes (as used in, e.g., pertu rbed  angular co r­
relation or M ößbauer studies). N uclear Q uadrupole 
D ouble Resonance (N Q D O R ) [3 -7 ], the topic of the 
present paper, is a technique not involving external 
probes tha t nevertheless perm its the characterization  
of specific defects in crystals even in atom ic concen­
trations as low as a few ppm. However, up  to now 
N Q D O R  has been applied to  the study of point de­
fects in metals only be three groups [4, 6 , 8 ], p re­
sum ably on account of the large experim ental efforts 
required.

In simple crystal structures w ith cubic symm etry 
such as the face-centred cubic (fee) o r the body-centred 
cubic (bcc) lattice the traceless rank-tw o tensor V  of 
the electric field gradient (EFG ) vanishes a t the lattice 
sites. The in troduction  of lattice defects d isturbs this 
sym m etry and hence give rise to E F G  at nearby lattice 
sites. These E F G  act on the quadrupole m om ents Q 
of the nuclei at these sites and lead to  quadrupo lar 
splittings of the nuclear energy levels. U nfortunately,
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in the case of intrinsic po in t defects in metals these 
splittings, which clearly contain  interesting inform a­
tion on the defects, canno t be studied by “pure” 
N uclear Q uadrupole Resonance (NQR) or by the ob­
servation of the satellites in high-field N uclear M ag­
netic Resonance (NMR)  because of the low defect con­
centrations usually involved and the smallness of the 
N Q R  transition  frequencies. N Q D O R  overcomes 
these difficulties by com bining N M R  in high magnetic 
fields with N Q R  in zero m agnetic field. It allows us to 
search over a large frequency range for the quadrupo- 
lar splittings of m inorities of nuclei.

Owing to  different E F G  on crystallographically dis­
tinct lattice sites in their vicinities, po in t defects of a 
given kind contribu te several lines to  the N Q D O R  
spectrum , provided the m agnitudes of the E F G  corre­
spond to  the frequency range accessible to N Q D O R . 
These lines can be used as “fingerprints” of the defects, 
as has been dem onstrated  for several metallic solutes 
in Al and Cu [6 , 9]. In addition, within the so-called 
D ouble Irrad ia tion  Technique (DIT) frequency 
regime, changes in the po in t defect concentration  can 
be followed quantitatively (see Section 2.2). This fea­
ture is particularly  im portan t for studying the recov­
ery of non-equilibrium  concentrations of intrinsic de­
fects introduced, e.g., by irradiation , cold-work, or 
quenching from high tem peratures.

In metals, the recovery of intrinsic point defects 
during annealing a t successively higher tem peratures 
occurs in fairly distinct recovery stages th a t reflect the 
m igration of defects w ith well-defined m igration ener­
gies (com parable w ith fractional distillation but with 
the im portan t difference tha t the defects vanish 
whereas in fractional distillation the separated frac­
tions are available for subsequent investigation). A 
trad itional nom enclature denotes the recovery stages 
by rom an num bers which increase with increasing an ­
nealing tem perature [1,2]. In spite of strong efforts 
and m uch clarification the assignm ent of these stages 
to specific defect types has rem ained a point of discus­
sion.

The characteristic features of N Q D O R  as outlined 
above allow us to  ob ta in  highly specific inform ation 
on the intrinsic po in t defects responsible for the 
N Q D O R  lines including their behaviour during an ­
nealing treatm ents [10,11]. In the present work 
N Q D O R  and electrical resistance were measured 
sim ultaneously on the same samples in o rder to relate 
the N Q D O R  results unam biguously to  the conven­
tional investigations of recovery processes.

In the first part of the paper (Sections 2 and 3) the 
principles and applicability of N Q D O R  will be re­
viewed, followed by some rem arks on the “Solid Ef­
fect” in N Q D O R  and a description of the experim en­
tal set-up. The second part (Section 4) is devoted to 
the investigation of the properties of intrinsic point 
defects in metals by the N Q D O R  technique. This part 
includes a brief review of the earlier w ork in this area 
as well as a discussion of the need for further N Q D O R  
experiments and for progress in the calculation of 
EFG .

2. The N Q D O R  Method

2.1 Basic Principles

Consider a crystal with cubic sym m etry of the la t­
tice sites that contains a low concentration  of lattice 
defects. In such a crystal two spin systems can be 
defined, viz. the system A of the spins at sites which are 
so far from any lattice defect th a t their E F G ’s are 
negligibly small, and the system B of spins at nuclei 
with EFG -induced level splittings th a t are larger than  
the dipolar splitting due to the local m agnetic field B L. 
The basic weakness of zero-field N Q R  is tha t in it 
participate B nuclei only, which are far less num erous 
than  the A nuclei.

The situation is radically different in N Q D O R  ex­
periments. Here bo th  spin systems are polarized in a 
high magnetic field (Figure 1). W hen the field is 
switched off adiabatically, the spin order is preserved, 
thus establishing a very low spin tem perature Tspin 
tha t subsequently increases on a time scale given by 
the spin-lattice relaxation tim e in zero field, T1zer0.

polarisation saturation detection

i zero field J
NQR irradiation KID

90° pulse
time

Fig. 1. The NQ DO R cycle (B0 =  externally applied static 
magnetic field, FID =  Free Induction Decay). In the present 
experiments the r.f. irradiation in zero field lasted about 
180 ms. A waiting time o f about 40 ms between reaching B0 
and magnetization detection was necessary in order to allow  
the eddy currents in the sample to die out.
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N ow  a radio-frequency (r.f.) field is applied to the 
sample. W hen the frequency m atches one of the 
quad rupo lar splittings, the corresponding N Q R  tran ­
sition is saturated, i.e., the spin tem perature of the 
nuclei involved becomes infinite. If the two spin sys­
tems are coupled by “spin diffusion”, the spin disorder 
associated with the high spin tem perature of the B 
system is continuously transferred to  the A system. 
Then the spin tem perature of the entire sample in­
creases in a time shorter than  the “norm al” T™10. 
Even a small concentra tion  of B nuclei m ay now lead 
to  large changes in the spin tem perature of the entire 
sample. After switching again to the high field, the 
rem aining m agnetization (which in high fields is p ro ­
portional to  ß  =  l / k B Tspin, k B =  Boltzm ann’s constant) 
is detected by a 90° r.f. pulse.

The essential role of spin diffusion in N Q D O R  
leads to  the distinction between two frequency 
regimes, viz. the Single Irrad ia tion  Technique (SIT) 
regime and  the D IT  regime. At low frequencies the 
spin tem peratures of the tw o spin systems equalize by 
direct cross-relaxation between the B and the A sys­
tem. In  this frequency range r.f. irradiation  with only 
one single frequency of low am plitude B™QR <£ B L suf­
fices. The cross-relaxation proceeds at least partly via 
nuclei th a t are neighbours in energy and  space (i.e., 
step by step like on a staircase), thus depending on the 
d istribution  and level splittings of the participating 
nuclei [6]. E.g., the intensity  of an N Q D O R  line may 
change due to  changes in the surrounding defect p a t­
tern  (e.g., neighbouring dislocations) w ithout change 
in the concentration  of the defects giving rise to  the 
line. Hence in the SIT regim e a quantitative analysis 
of the line intensities is feasible only if it can be verified 
tha t the cross-relaxation is no t affected by other de­
fects. An additional difficulty for quantitative work is 
th a t in the SIT regime the line intensities reflect the 
num ber of contributing  nuclei weighted by the cross­
relaxation, which is in m ost cases not well known.

At higher frequencies the cross-relaxation becomes 
ineffective. In this regim e SIT would lead rather 
quickly to  a new equilibrium  state of the B system 
w ithout detectable effects on the N Q D O R  signal. 
Therefore irradiation  w ith large am plitude J3*QR « ß L 
at two frequencies vq +  <5m near the frequency vq of the 
quadrupo lar transition  (2n  SmK y B L, y =  m agneto- 
gyric ratio) is required in order to  achieve continuous 
heating of all spins of the sam ple (DIT). In the D IT  
regime a quantita tive analysis of the N Q D O R  line 
intensity is possible, as will be discussed in Section 2.2.

F o r nuclides with spin /  =  3/2 such as 63C u and 
65Cu each E F G  gives rise to  only one quadrupo lar 
transition  frequency

\  = e \Q \ \V z z \
(1 +>?2/3 )1/2 

2 h (1)
where e is the elem entary electric charge and  h 
P lanck’s constant. In  agreem ent with the standard  
practice the three principal com ponents of the tensor 
of the electric field gradient, Vti, are denoted in such a 
way that

\Vzz \> \V yy\ > \V x x \ 

holds, so tha t the asym m etry ratio

r .=  (vxx- v yy)/vzz

(2)

(3)

obeys 0 <  q <  1.
In the case rj = 0 E q .( l)  reads for 63Cu with Q =

— (220 + 15) • 10-31 m 2 [12]

v ./k H z  =  2.660 • 10'

=  3 .8 3 0 -1 0 '

■ l ^ l / V - m - 2

\y..\ cm

=  2.584- 104 - |Fzz|/a .u ., (4)

where a.u. stands for atom ic units (Rydberg units: 
h =  1, electron mass me =  1/ 2, e = y / l ) .

E F G  acting on nuclides with spin I  — 5 /2  such as 
27A1 give rise to  two frequencies vq unless rj =  1, i.e., 
unless Vxx =  0, Vyy =  — Vzz [13]. The ratio  of the two 
frequencies (which varies m onotonously  between 2 in 
the case rj =  0 to  1 in the case rj =  1) contains inform a­
tion tha t is helpful in the a ttribu tion  of E F G  to sites 
(cf. Table 2).

F igure 2 illustrates the two frequency regimes m en­
tioned above and  the to ta l frequency range available

200 300 400 500 
f r e q u e n c y  [kHz]

Fig. 2. NQDOR spectrum of Cu/200 ppm Be. The hatching 
denotes frequency regimes in which detection of NQDOR  
lines is difficult or impossible. Since Cu contains two iso­
topes with slightly different quadrupolar moments (cf. 
Table 1), each EFG gives rise to a line pair.
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for detection of E F G  in copper by the N Q D O R  tech­
nique. Very small E F G  cannot be observed because of 
the d ipolar absorp tion  at low frequencies. O n the 
other hand, w ith increasing frequency the search for 
lines becomes m ore and m ore laborious since the line 
widths are frequency-independent. A practical upper 
limit are frequencies of several M Hz. A typical range 
of a frequency scan in Cu by SIT and D IT  taken 
together is from  20 kH z to  6 M Hz, corresponding to 
a ratio  of abou t 3 * 102 between the largest and the 
smallest E F G  detectable by N Q D O R .

2.2 Line Shape and Concentration Dependence 
in the D IT  Regime

M. M inier [6] calculated the inverse spin tem pera­
ture and thus the m agnitude of the N M R  signal after 
the N Q D O R  cycle under the assum ption tha t spin 
diffusion is sufficiently fast to  establish a single spin 
tem perature for the dipolar system of the entire sam ­
ple and tha t the r.f. irrad ia tion  is symmetric w ith re­
spect to vq. The extension to  r.f. irrad ia tions tha t are 
asymmetric w ith respect to vq (the norm al situation 
during scanning for N Q R  transitions) yields for the 
spin tem perature in and near an N Q D O R  line in the 
D IT  regime

(5)

• exp d, B

Ca
4 Si

K ( S C- Ö J  + W (ÖC + Ö J

In (5) <5C denotes the difference between the frequency 
of the quadrupo lar transition  and the centre of the 
two irradiation  frequencies, /?df/off(i) the inverse spin 
tem peratures w ith /w ithout r.f. irrad ia tion  after the 
time t  in zero field, and W/q(<5c±<5m) the transition 
probability of the quadrupo lar transition  at a given 
irradiation  frequency including the shape function 
that takes the d ipolar broadening into account. cd B is 
the dipolar heat capacity of the B system (which is 
p roportional to  the defect concentration) and cd that 
of the A system plus those B nuclei tha t are coupled 
to  the A system by cross-relaxation. Figure 3 shows a 
fit of (5) to a m easured line using a G aussian function 
for W '(5c± d m). We see tha t (5) describes the sudden 
decrease of the nuclear m agnetization at the wings of 
the line quite well.

At low defect concentrations cd m ay be taken as 
constant. U nder this condition D IT  m easurem ents al­
low us to follow quantitatively the changes of point

So•<s>
Ö
N!

•<S>-+o
CD
£
05
Ö

f r e q u e n c y  [kHz]
Fig. 3. Fit of the theoretical line-shape function [Eq. (5)] to 
the NQDOR line at 2.05 MHz in Cu/200 ppm Be.

defect concentrations during annealing. However, at 
defect concentrations exceeding several 100 ppm  the 
contribution of the B nuclei enhance cd significantly 
since their quadrupo lar splittings are higher than the 
dipolar splitting of the A system [10]. Hence, for sam ­
ples containing large fractions of nuclei with small 
quadrupolar splittings (due to, say, dislocations) a 
m ore sophisticated analysis is necessary.

2.3 Conditions fo r  N Q D O R  Experiments on Metals

M etals m ust fulfill several conditions in o rder to 
permit N Q D O R  investigations. The nuclear q u ad ru ­
pole m om ent Q m ust be large enough to  give rise to 
N Q R  transitions above the dipolar local splitting, and 
a reasonable N M R  sensitivity is required. F u rth e r­
more, since the sensitivity of the N Q D O R  experim ent 
is proportional to the ratio of the tim e available for 
irradiation  in zero field ( «  T f eT0) to  the spin diffusion 
time Tab, T2 «  TAB Tizero m ust hold. The sample 
m ust not be ferrom agnetic or superconducting in zero 
magnetic field. (Note that suppressing superconduc­
tivity by m easuring at higher tem peratures means 
lower sensitivity.)

Taken together, the preceding conditions are quite 
restrictive. The metallic elements w ith cubic crystal 
structure which satisfy them are listed in Table 1. In 
order for N Q D O R  to be applicable to  non-cubic 
metals, the intrinsic quadrupolar splittings should not 
exceed the dipolar splitting. In m ost non-cubic metals 
the intrinsic quadrupolar splittings are of the order of 
m agnitude 100 kH z or higher [14], so th a t this require­
ment is not satisfied. An exception m ight be 9Be
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Table 1. Spin /, nuclear quadrupole moment Q, and natural abundance of nuclides which fulfill the NQDOR conditions stated 
in the text (cubic metals only). The relative sensitivity for equal numbers of nuclei (*H =  1) is used as measure for an acceptable 
NMR signal (relative sensitivity >  0.035). Tc is the temperature of the superconducting transition, a indicates existence of 
low-temperature phase transitions, b indicates that only little information is available on annealing behaviour at low tem­
peratures. Q values taken from [12].

7Lia,b 23N aa,b 27A1 51 y 63,65Cu 87Rbb 93Nb 181Ta

I 3/2 3/2 5/2 7/2 3/2 3/2 9/2 7/2
Nat. abund. [%] 92.5 100 100 99.75 69.2, 30.8 27.8 100 100
Rel. NMR sens. 0.29 0.09 0.21 0.38 0.09, 0.11 0.18 0.48 0.036
Q/(10~31 m2) -40 .1 109 140 210 -2 2 0 , -2 0 4 132 -3 2 0 3170
Crystal structure bcc bcc fee bcc fee bcc bcc bcc
TJ  K — — 1.75 5.27 - - 9.25 4.47

(hexagonal close-packed, I  =  3/2, £  =  53 • 10~31 m 2, 
vq ~  30 kH z [12,14]), whose relative N M R  sensitivity 
is ra ther small (1.4 • 10 ~2), though.

In the present context (quantitative investigation of 
intrinsic point defects) C u is the best-suited metal 
since here considerable inform ation on intrinsic point 
defects is available from o ther m ethods and since the 
controversial issues have been brought out clearly 
[1,2]. The situation is sim ilar in Al. However, all the 
N Q D O R  lines so far observed in this m etal after low- 
tem perature irrad ia tion  [10] lie in a much narrow er 
frequency interval than  those of copper, so that the 
probability  that lines m ay overlap and cannot be dis­
tinguished is m uch higher.

F rom  the point of view of the curren t discussion on 
properties of point defects, N Q D O R  experiments on 
niobium  and tan talum  are highly interesting, too. 
However, the fact th a t bo th  metals are superconduct­
ing w ith rather high transition  tem peratures means 
tha t either one has to  accept the lower sensitivity con­
nected w ith elevated m easuring tem peratures as m en­
tioned above or to m ake use of N Q D O R  in the ro ta t­
ing frame, which in troduces o ther problem s [15],

2.4 The Solid Effect

W hen two spins S  and I  w ith large energy splittings 
(characterized by the transition  frequencies vs and vt ; 
vs > vj)  are weakly coupled by d ipo lar interactions, 
the mixing of the eigenfunctions leads to  additional 
transitions at the sum and  difference frequencies

vfE =  m v s ± n v I , (6)

where m and n are positive integers. This so-called 
Solid Effect (SE) is well-known in E lectron P aram ag­

netic Resonance (EPR), where it is used, e.g., for the 
“dynam ic spin po larization” of targets in nuclear 
physics [16]. The nam e originates from the fact tha t 
this effect can be only found in solid m aterials, 
whereas in fluids the d ipolar coupling is averaged out 
by the fast m otion of the spin carriers.

In the N Q D O R  Solid Effect S  and I  denote the 
spins of two nuclei of the B system with the quadrupo- 
lar transition frequencies vs and  v7 tha t are coupled by 
dipolar interaction. In  this case additional lines may 
appear in the N Q D O R  spectrum  at the sum and  dif­
ference frequencies (6) th a t do not correspond to  E F G  
values. Such lines were first found by Berthier and 
M inier [17] on dilute Al alloys. These au thors cal­
culated the transition  probabilities for certain com bi­
nations of nuclei on different shells and developed 
special irradiation  techniques which perm itted the un ­
am biguous identification of SE lines. All well-resolved 
SE lines so far reported correspond to  m =  1 and  n =  1. 
(An enhanced background absorp tion  found on a di­
lute A l/3 0 0 p p m  Ti alloy was attribu ted  to  spurious 
SE lines with m + n <  5 [17].) The Solid Effect can be 
of help in the assignm ent of m easured E F G  to definite 
shells (cf. Sect. 4.1) since the spins S  and I  m ust be 
neighbours in order to  give sufficient d ipolar coupling. 
In addition, solving (6) for v, m ay assist in separating 
overlapping low-frequency lines.

A very interesting situation arises if v7 lies in the SIT 
and vs in the D IT  regime. Then irrad ia tion  with a 
single frequency a t the SE transition  vSE suffices to 
couple the S  levels and the d ipo lar A system via the /  
levels, which in tu rn  are directly coupled to  the dipolar 
A system via cross-relaxation (cf. Section 2.1). Such an 
irradiation does no t sa turate  the S  and  I  systems indi­
vidually but leads to  a sa tu ra tion  of the com bined
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system because of the SE between the S levels and the 
/  levels. This m eans that • ns_ = n + ■ n + holds for 
the vs+E transition  and n \  ■ ns_ = n!_ ■ n + for the v^E 
transition, where n1 and ns denote the occupations of 
the /  or the S levels, respectively, and the subscripts +  
or — refer to the upper o r the lower levels. A lthough 
now the S  spins are coupled to  the A system, the SE 
line cannot be detected by continued irradiation  with 
the single frequency vSE alone, since the S  transition 
quickly reaches a new equilibrium  state and no further 
absorp tion  takes place. This equilibrium  state is given

by / s
^  = e x p ( A Ej ßzeTO) (7)

n_ n +

for the vs+E transition  and by

I s
=  ~ T  =  e X P  ( A E I  ß * * r o )  ( 8 )h_ n_

for the vSE transition. Here AEj  denotes the quadrupo- 
lar splitting of the /  levels, and ß zero the com m on 
inverse spin tem perature of the A system and the /  
nuclei established by the direct cross-relaxation. N ote 
that (7) describes a strong inversion while (8) describes 
a strong polarization  in the occupation  of the S levels. 
However, continuous heating of the A system, and 
hence a detectable effect on the m agnetization, can be 
achieved by saturating  the S levels by an additional 
irradiation  a t vs . This effect m ay be used for unam big­
uous identification of SE transitions as will be illus­
trated  by an experim ental exam ple in Section 4.4.3.

A surprising fact is that, con trary  to  the above argu­
ments, especially the VsE transition  may be seen even 
in a single-frequency irrad ia tion  if its am plitude ß ^ QR 
is sufficiently high (com parable with B L) (Figure 8). 
We have used this effect, first observed but not ex­
plained by Berthier and M inier [17], as an easy indica­
tor for SE transitions (cf. F igure 8). We attribu te  it to 
the asym m etries of the S  level occupancies. In both 
cases -  polarization  or inversion -  the occupation 
difference is enhanced by the fact th a t the level split­
ting of the I  nuclei is abou t an order of m agnitude 
larger than  tha t of the dipolar A system at equal spin 
tem perature. Hence the strong inversion which is es­
tablished during a single-frequency irradiation  at vs+E 
with a high ß ^ QR am plitude may prom pt a self-ampli­
fication of weak field fluctuations at the S  transition 
frequency due to induced emission, with sim ilar effects 
as an additional r.f. irradiation  at this frequency as 
described above.

3. The Experimental Set-up

Figure 4 gives an overview of the entire experim en­
tal set-up [8]. The N M R  spectrom eter is a hom e-built 
pulsed Fourier-transform  device designed for m ea­
surements on solids using phase-sensitive quadratu re 
detection in order to reduce channel asym m etries and 
dead time. A hom e-built field-cycling device switches 
the external field between zero and 0.68 T  within
1.5 ms, em ploying a steady pow er of 30 kW  and a 
pulsed power of 175 kW  (500 A, 60 V steady, ± 3 5 0  V 
during switching). The curren t is regulated by a b a t­
tery of 120 power M O SF E T  IR F  542 in parallel con­
nection and switched by bipolar power transistors (one 
battery with 40 BUT 35 and  one with 8 SQD100A60 
in parallel connection). The coil consists of 6 layers 
with about 30 turns per layer, w ound from copper 
tubes with rectangular cross-sections, perm itting wa- 
ter-cooling from inside. The coil has a bore diam eter 
of 57 mm, an inductance of 750 |iH , and  a hom ogene­
ity of 6 • 10“ 5 within 1 cm 3.

A hom e-built system perm its com puter-controlled 
r.f. irradiation at frequencies up to 6 M H z (Figure 5). 
An r.f. amplifier with a pow er of 50 W allows us to 
obtain B ^QR fields up to 2 mT. The system is capable 
of broad-band m atching up to  1 M H z or narrow ­
band m atching up to 6 M H z (extension to  higher fre­
quencies by adding a variable inductance is possible). 
B™qr is kept constant w ithin 2% even in the case of 
narrow -band m atching by m eans of a regulation cir­
cuit which employes the voltage drop at a small resistor 
in series with the r.f. coil as a m easure of the current 
through the coil. SIT irrad ia tion  and D IT  irradiation  
[two frequencies with fixed frequency separation  2 f m 
at equal am plitudes A  cos ( 2 n f m t ) B  cos (2 n / search t), 
/search =  search frequency] are available as well as the 
special irradiation  modes necessary to ob ta in  SE lines 
[A cos (2 n f y t) +  B  cos (2 n f 21); A, B, / l9 f 2 indepen­
dently variable]. Noise, centre, and side-band suppres­
sion are better than 40 dB. The same r.f. coil is used for 
N M R  detection and N Q R  irrad ia tion  in zero field, the 
two devices being decoupled by reed relays. R.f. coax 
relays would have provided better r.f. properties but 
their lifetimes proved too short for the present appli­
cation.

All N Q D O R  m easurem ents were perform ed at
2.1 K in order to give good sensitivity. The stability of 
the tem perature regulation was 2 - 10~3. W hen the 
cryostat was completely filled with liquid He, by 
pum ping the cryostat 2.1 K were reached within one
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Fig. 4. Overview of the experimental set-up (for details see text).

hour. This tem perature could be m aintained for m ore 
than  24 hours in spite of the heating by eddy currents 
generated by the switching of the applied field.

Reaching our goal of a signal-to-noise ratio  of 
abou t 200 (note th a t the strongest line of the cold- 
w orked sample [cf. Fig. 13] yielded a decrease of the 
m agnetization of only 5%) required  careful and  time- 
consum ing elim ination of the disturbances, especially 
in the signal detection, th a t cam e either from  w ithin 
the set-up or from outside sources.

Two ovens inside the cryosta t perm it annealing 
treatm ents. The sample is m oved by a com puter-con­
trolled m ovem ent unit into the preheated oven and 
pushed back into the 1-He reservoir after a  predeter­
m ined time. The electrical resistivity is m easured at
4.2 K  by the usual four-point m ethod  w ith a sensitiv­
ity better than  10- 9Q. F o r annealing at high tem per­
atures (i.e., above 400 K) a special sam ple holder with 
integrated heater is used, which perm its annealing up 
to  600 K.

4. NQDOR on Point Defects in Copper

4.1 General Background

The w ork of Redfield [4], who was the first to  
m easure E FG  (in dilute copper alloys) by m eans of 
N Q D O R , and of M inier [6], who applied the m ethod 
to dilute alum inium  alloys, dem onstrated  th a t the ob ­
served spectra were characteristic for specific defect 
types. In  1977 and  1980 M inier et al. perform ed 
N Q D O R  m easurem ents on pow der samples of alu ­
m inium  and copper th a t had been electron-irradiated 
a t 30 K  and 80 K, respectively [10,11]. Their intention  
was to  identify m onovacancies in these metals by their 
N Q D O R  spectra and  to  determ ine their tem peratures 
of m igration. They found tha t irrad ia tion  w ith 3 MeV 
electrons leads to  characteristics N Q D O R  spectra 
with well-resolved lines. In copper these lines re­
m ained nearly unchanged up to  recovery stage III (i.e., 
up to  just below room  tem perature), in which they
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Fig. 5. The system for r.f. irradiation in zero field.

vanished w ithin the m easuring accuracy while about 
1/7 of the irradiation-induced resistivity remained.

Since there is overwhelm ing experim ental evidence 
tha t in all fee metals S tage-Ill recovery is dom inated 
by a defect-an tidefect annihilation reaction, the 
above-m entioned N Q D O R  results allowed neither 
the definitive assignm ent of the observed lines to va­
cancies o r self-interstitials (or to both) nor a decision 
on the natu re of the defects m igrating in recovery 
stage III. Nevertheless, M inier et al. assigned -  in our 
view arb itrarily  -  all lines to  m onovacancies and con­
cluded th a t in bo th  m etals investigated the defects 
m igrating in Stage III were the monovacancies.

There are two approaches tow ards a definitive as­
signm ent of the observed lines. O ne of them  is to 
calculate, preferably by ab-initio m ethods, the EFG  
acting on the nuclei in the neighbourhood of vacan­
cies, self-interstitials etc. and  to see which defect con­
figurations account best for the experim ental results. 
Am ong the potential strengths of this approach is that 
a given defect is characterised by several E FG ; this 
means th a t it is unlikely tha t the theoretical predic­
tions for different defects are so close tha t they cannot 
be distinguished experimentally. However, the com ­

putations on those metals on which the N Q D O R  ex­
perim ents have concentrated  so far, Cu and Al, have 
not proceeded far enough to  solve the assignment 
problem . A brief status report on the theoretical 
achievements, suppressing some of the m ore technical 
questions, will be given in Section 4.2.

The alternative approach, followed in the present 
work, is to  ob ta in  additional experim ental inform a­
tion. We m ay vary the defect pattern  by introducing 
the defects in different ways, e.g., by e _ irradiation , ion 
irradiation, low -tem perature cold-work, quenching 
from high tem peratures, etc. O ne m ay also try to  ob­
tain further inform ation from other measurem ents, 
say from the recovery of the electrical resistivity. The 
long-tim e strategy of our labora to ry  is to  proceed 
along both the theoretical and  the experim ental ave­
nue.

Fortunately, sym m etry argum ents and qualitative 
considerations allow us to reach quite a num ber of 
valuable conclusions w ithout extensive com putations. 
F or a given type of defect (e.g., a vacant lattice site or 
a certain self-interstitial configuration) two general 
statem ents can be made, provided its E FG  have the 
right m agnitude to  be detected by N Q D O R . (i) Since



M. Notter et al. ■ Intrinsic Point Defects in Metals by NMR-NQR Double Resonance 55

Table 2. Numbers of nuclei with equal EFG for vacancies, 
<100) dumbbell interstitials, and interstitials at octahedral 
sites in fee metals. Entries in italics indicate that the corre­
sponding EFG tensors are axially symmetric.

Shell number n 0 1 2 3 4 5 6

Vacancy — 12 6 24 12 24 8
<100) dumbbell 2 8 +  4 4 +  2 16 +  8 8 +  4 16 +  8 8
Octahedral site - 6 8 24 - 24 +  6 24

neighbouring sites th a t can be transform ed into each 
o ther by operations of the point sym m etry group of 
the defects give rise to  the same E F G  (apart from 
different orientations of their principal axes), the line 
intensities reflect the num ber of sites in the various 
shells surrounding the defects, (ii) The likelihood that 
two N Q D O R  lines overlap becomes the larger the 
sm aller the E FG  is and  the m ore nuclei w ith unequal 
E F G  there are. This is the reason why dislocations 
and  large defect clusters are expected to  give rise not 
to sharp lines but to  b road  structureless absorption.

Having in mind the application to  C u and  Al, we 
confine the following m ore specific rem arks to fee 
metals. Let us first consider m onovacancies and make 
the generally accepted assum ption tha t its point sym­
m etry group is the octahedral group. We may then 
order the neighbouring sites in shells num bered ac­
cording to  increasing distance from the vacancy. If 
there is no lattice relaxation, the distance of the nth 
shell is given by (n /2)1/2 a0, where a0 is the edge length 
of the elem entary cube. The num bers o f neighbours 
with the same E FG  are listed in Table 2.

Considerable experim ental and theoretical evidence 
indicates tha t the stable self-interstitial configuration 
in Cu and Al is the <100) dum bbell: An atom  is re­
moved from a lattice site, and  two atom s are inserted 
symm etrically along one of the <100) directions. Ac­
cording to  theory [18] and  experim ent [19], in Cu their 
distance from the vacated lattice site is ab o u t 0.6 a0. If 
we take this site as the location  of the self-interstitial, 
the shells of neighbouring atom s m ay be num bered 
the same way as for a vacancy. However, since the 
point symm etry is now tetragonal, in each shell the 
field gradients split in to  two groups w hose members 
are in the ratio  2:1 (save for the 6th shell, which con­
tains the lattice sites in the <111) directions). The two 
“dum bbell atom s” m ay be considered as an  additional 
zeroth shell containing tw o sites per interstitial.

F o r completeness we include in Table 2 also the 
so-called octahedral in terstitial configuration, in

which an atom  has been inserted into a cube centre in 
such a way that the octahedral point sym m etry is p re­
served. In this case the distances of the various shells 
from the inserted atom  (again neglecting lattice relax­
ations) is given by ((2/i — l) /4 )1/2 a 0 w ith the proviso 
tha t n = 4 and n = 8 are missing and  tha t the shells 
n = 5 and n = 9 contain inequivalent sites with differ­
ent EFG . Table 2 shows th a t the ratios 1 :2 :4  in the 
num ber of sites per shell occur bo th  for the vacancy 
and the <100)  dum bbell interstitial bu t not for the 
cube-centred interstitial. This m eans th a t by counting 
lines and com paring their intensities (note tha t this is 
meaningful only in the D IT  regime, cf. Sect. 2.1) one 
cannot distinguish between the first two configura­
tions unless one observes the ratio  1:8 , a fact tha t 
apparently  has been overlooked by M inier et al. 
[9 -11]. (These au thors erroneously believed tha t split 
self-interstitials such as the <100)  dum bbell do not 
give rise to well defined N Q D O R  lines.)

4.2 Overview o f  Calculations on EFG Induced 
by Intrinsic Point Defects in Metals

Ab-initio calculations of E F G  at nuclei in the neigh­
bourhood  of vacancies and interstitials in m etals are a 
dem anding task since the displacem ents of the ion 
cores from the regular lattice sites have to  be taken 
into account (in the following we will refer to  them  as 
“lattice relaxation”) and since the com putations m ay 
not be confined to conduction and  valence electrons 
but m ust include the inner shells. Reliable calculations 
have therefore been extremely rare. In the following 
we give a brief survey of w hat has been achieved 
m ainly by the use of the density functional approxi­
m ation. *

Ponnam balam  [20] calculated the E F G  around  va­
cancies in Al by m eans of a semi-empirical m ethod 
(separate calculation of valence and  size effects includ­
ing corrections for antishielding), using a rather artifi­
cial approach to  the lattice relaxations. The ab-initio 
com putation  of D rittler et al. [21] of the E F G  at the 
nearest neighbours of vacancies and several substitu­
tional impurities in copper based on K K R  G reen’s 
functions neglects lattice relaxation altogether. If the 
accepted value for the quadrupole m om ent of 63Cu 
is used (Q = — (220+15) • 10-31 m 2 [12] rather than  
Q = — 150 • 10“ 31 m 2 used by D rittler et al.) the 
quadrupolar frequencies calculated by this approach 
are systematically too high. F or the nearest neigh­
bours of m onovacancies in Cu the com putations of
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Fig. 6. Theoretical EFG values from an ab-initio pseudo­
potential computation on several intrinsic point defects in 
bcc Li [24, 25], The EFG of vacancies and <111) self-inter­
stitials were obtained from all-electron calculations, the 
others from valence-electron calculations. The lengths of the 
horizontal bars are proportional to the number of nuclei 
with equal EFG; the numbers at the data points are the shell 
numbers. The symmetry axes of the split interstitials are 
given in Miller indices.

D rittler et al. predict (6.0 ±0.4) M H z (the error takes 
into account the uncertainty in Q only). Furthm üller 
[22] calculated the E F G  generated by vacancies in Al 
using an ab-initio pseudopotential m ethod that in­
cluded self-consistent lattice relaxation. W ithout 
S ternheim er correction the largest of Furthm üller’s 
E F G  values (that at the nearest neighbours) is by 
abou t one order of m agnitude lower than  those m ea­
sured on irradiated  Al [10]; the others are too small to 
be detected by N Q D O R . Linearized Augmented- 
P lane-W ave (LAPW ) calculations by Blaha et al. [23] 
on several hexagonal metals showed Sternheim er cor­
rections to be unnecessary, so tha t we may conclude 
th a t F urthm üller’s calculations do not support the 
assignm ent of the N Q D O R  lines of irradiated Al to 
m onovacancies.

Theoretical results on E F G  around  vacancies and 
self-interstitials are available from all-electron super­
cell com putations on bcc Li by Pawellek et al. [24, 25]. 
The E F G  around split interstitials were found to be 
substantially  higher than  those around  vacancies (see 
Figure 6). U nfortunately, N Q D O R  m easurem ents on 
intrinsic po in t defects in bcc Li are hardly feasible due 
to  the low -tem perature phase transition  of this metal, 
the recovery of the intrinsic point defects well below 
the 1-N 2 tem perature, and the small quadrupole m o­
m ents of the stable isotopes 6Li and 7Li. All N Q R 
transition  frequencies as calculated from the E FG  
shown in Fig. 6 are situated below 100 kHz.

F o r self-interstitials in Al and Cu analogous results 
are not available. If we tentatively scale the results on

vacancies and self-interstitials in Li with those on va­
cancies in Al [22], we are led to expect that the E FG  
of split self-interstitials in Al will have the right m agni­
tude to explain the experim ental results on e~ -irradi­
ated Al [10].

4.3 Samples and Experimental Procedure

4.3.1 S a m p le  P r e p a r a t i o n

Because of the skin effect, N M R  experiments on 
m etals require either pow der samples or samples 
m ade from thin foils. U p to now, the majority of 
N Q D O R  m easurem ents including the measurem ents 
on irradiated copper by M inier et al. [11] employed 
powder samples, which give better signal/noise ratios. 
Since in the present approach  m easuring N Q D O R  
and electrical resistance on the sam e sample was 
m andatory, samples consisting of an assembly of thin 
foils were used. This had  the additional advantage 
tha t the samples could be irradiated  fairly hom oge­
neously. Well-defined cold-w orking and  quenching 
experiments are possible only on foils.

In the present w ork we used Cu foils prepared from 
Johnson-M atthey or Leico 5N copper, and Be-doped 
foils (Cu/200 ppm  Be) th a t were prepared by melting 
a 5 mm copper rod with an inlayed 50 |im Be wire. 
After rolling, the foils were electropolished in order to 
remove im purities a t the surfaces and  subsequently 
annealed at 700 K (the foils intended for cold-work at 
750 K) for one hour. C opper wires for resistance m ea­
surem ents were spot-welded to the foils used for elec­
tron  irradiations. The o ther samples were connected 
to  the wires by m eans of clamps after the introduction 
of the intrinsic po in t defects.

Electron and p ro ton  irradiations were performed at 
the D ynam itron accelerator of the Institu t für S trah­
lenphysik of S tu ttgart University a t tem peratures be­
tween 80 and 130 K. F or the p ro to n  irradiation a 
special sample holder was built th a t fitted into the 
irradiation  cham ber originally designed for the elec­
tron  irradiation. It perm itted a direct connection of 
the sample to the beam  line, using the sample foil as 
partition  wall between 1- N 2 and the vacuum of the 
beam  line. (In the e~ irradiation  set-up the e~ have to 
pass through abou t 4 m m of the cooling medium 1-N2, 
which in the case of p ro ton  irrad ia tion  would have 
caused an unacceptably high energy loss.)

The N M R samples were assem bled in a 1-N2 bath 
w ithout warming up. The foils were electrically iso-
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lated by thin mica foils, o r by quartz  plates when an ­
nealing a t higher tem peratures was intended. The ves­
sel for the foils and the sam ple holder with the r.f. coil 
were m ade from the same glass-ceramics (M acor™ ) in 
order to  ensure that they fit together even at low 
tem peratures.

4.3.2 T h e  E x p e r i m e n t a l  P r o c e d u r e

The experim ental procedure is illustrated in F ig­
ure 7. After introducing the intrinsic po in t defects at 
low tem peratures by irrad ia tion  or cold-work, the 
N M R  samples were assembled as described above, 
inserted in to  the sample holder, and transferred to  the 
cryostat w ithout warm ing them  up. M easurem ents of 
the sp in -la ttic e  relaxation time in zero applied field, 
77ero, of N Q D O R  spectra, and of the electrical resis­
tance were followed by isochronal (600 s) anneals at 
increasing tem peratures. The resistance was m easured 
after each annealing step, while the N Q D O R  spectra 
were obtained only after annealing treatm ents during 
which significant resistivity changes had  occurred. 
N Q D O R  m easurem ent after each annealing step 
would have been too  time-consum ing.

4.3.3 A n a ly s is  o f  N Q D O R  D a ta

A weak structureless absorp tion  observed in the 
lower D IT  regime appears with D IT  as well as under 
r.f. irrad ia tion  with a single frequency if the am plitude 
ß ^ QR is m ade as large as the one used in D IT  (see 
Figure 8). Together w ith the fact th a t under these con­
ditions the well-resolved D IT  lines disappear this indi­
cates clearly tha t the background absorp tion  is not 
caused by E F G  corresponding to  this frequency 
range. The background is presum ably due to  the en­
hancem ent of the high-frequency wing of the strong 
dipolar and quadrupo lar absorp tion  near B h induced 
by the high B™QR values required for DIT. Therefore 
the low-frequency background in the D IT  m easure­
ments m ay contain quadrupo lar contributions arising 
from lines at very low frequencies. Since these may 
depend on the defect pattern , in each D IT  m easure­
ment the background m ust be substracted separately. 
The background could be approxim ated by an  expo­
nential dependence of the absorp tion  from the fre­
quency. This function was fitted to  those da ta  points 
which were clearly no t affected by N Q D O R  lines 
(referred to  as base points). Figure 9 dem onstrates 
this for the example of a dilute alloy of copper with

time
Fig. 7. The course of an NQDOR experiment on intrinsic 
point defects. R = measurement of the electrical resistance.

f r e q u e n c y  [kHz]
Fig. 8. Two NQDOR spectra of a cold-worked copper sam­
ple (not annealed), obtained in the DIT regime using r.f. 
irradiation with a single frequency (★) or with normal DIT 
(■) at equal B™QR levels. Single irradiation shows only a 
continuous background, except for the Solid-Effect transi­
tion at vs+E (cf. Section 2.4).
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Fig. 9. Background determination on the example of an 
NQDOR spectrum of Cu/200ppm Be (x ) . The function 
M =  100 — A exp( - B / search) (—) was fitted to points not af­
fected by NQDOR lines (■). M =  magnetization, / search =  
search frequency, A and B fit parameters.
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Table 3. Frequencies and relative intensities of the line pairs due to Be atoms in a dilute Cu/200 ppm Be alloy in the DIT 
and SIT regimes. Since the lines at 65 kHz, 113 kHz, and 129 kHz are very weak, their frequencies are only approximate. 
The 45 kHz line consists of at least two different overlapping transitions. The r.f. amplitude B*QR in the DIT was 1.6 mT.

Detection regime DIT

v (63Cu)/kHz 
vq(65Cu)/kHz 
Rel. line intensity

2049.3 +  0.1
1896.3 ±0.2  

0.43

583.7 +  0.8 
539.5 +  1.5 

0.19

467.7 +  0.7 
430.9 +  1.1 

0.27

360.0 +  0.4 
333.3 +  0.6 

0.52

237.22 + 0.2 
219.0 +0.3 

1

Detection regime SIT

vq(63-65Cu)/kHz « 129 «113 «83 «65 «45

200 ppm  Be. The continuous background absorption 
of spectra w ithout point-defect lines could be fitted 
with this approach, too.

4.4 Results

4.4.1 E l e c t r o n  I r r a d i a t i o n  o f  C u /B e

A ddition of small am ounts of Be suppresses the 
annealing out of those intrinsic defects (crowdion-type 
self-interstitials [1]) that in pure copper migrate in the 
recovery Stage I [26]. In Stage-II irradiations, as in the 
present case, the ensuing reduction of instantaneous 
in te rstitia l-vacancy  recom bination enhances the 
dam age rate considerably [27,28]. Since for each 
trapped self-interstitial an additional vacancy is re­
tained in the lattice, doping by Be will affect the in ten­
sities of the irradiation-induced lines if some of them  
are due to vacancies and others to  self-interstitials. 
U nder the present conditions the intensity ratios of 
self-interstitial to  vacancy lines should be changed by 
m ore than a factor of three com pared with the un­
doped sample [27], Furtherm ore, the trapping of the 
S tage-IE interstitials by Be atom s should result in a 
drastic reduction in the intensities of the N Q D O R  
lines which are due to the Be in the copper lattice (cf. 
Table 3). The B e-self-interstitia l complexes created by 
the trapping m ight even give rise to additional lines.

Irrad iation  of the C u/200  ppm  Be alloy with 
1.7 • 1023 e _/m 2 a t 2.5 MeV resulted in an increase of 
the residual electrical resistivity of zl{?0=  300 pQm. 
This corresponds to  a Frenkel-pair concentration 
CFP =  12 • 10—4 if a resistivity 0FP =  2.5 per unit 
concentration  of Frenkel pairs is assumed [29]. After 
annealing at 590 K the N Q D O R  spectrum  was indis­
tinguishable from that of the non-irradiated sample 
(cf. Fig. 10, top). The lines in this spectrum  are a ttr ib ­
uted to E FG  in the neighbourhood of substitutional

f r e q u e n c y  [kHz]

Fig. 10. Be-doped sample: NQDOR spectra in the lower DIT 
regime before (top) or after (bottom) e~ irradiation.

Be atoms. (The phase diagram  of the binary alloy 
Cu/Be shows a H um e-Rothery-type a-phase at low Be 
concentrations. It is unlikely tha t interstitial Be that 
might be present in addition  to substitutional Be 
would give rise to lines whose intensity is com parable 
with that of substitu tional lines.) Table 3 gives the 
frequencies of these “Be lines”. N ote tha t besides the 
lines visible in Figs. 10 and 11 additional lines exist in 
the M H z range and at frequencies below about 
200 kH z in the SIT range. A search for SE lines was 
not performed.
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Be l in e s  ir r a d ia t io n  l in es

i/rf [kHz]
Fig. 11. Be-doped sample: NQDOR spectra in the lower DIT regime as obtained after annealing at the indicated tempera­
tures.

S t a g e  II III IV

Q.
<3

r [k]

Fig. 12. The variation of the residual 
electrical resistivity and of the strongest 
pairs of the Be lines (at 237 kHz) and of 
the irradiation lines (at 347 kHz and 
440 kHz) (expressed as relative concen­
trations) with the annealing tempera­
ture T .
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Table 4. Data from the NQDOR spectra of a dilute Cu/200 ppm Ni alloy. The frequencies vslT DIT have been obtained with 
normal SIT or DIT; the frequencies vSE are those of the newly detected SE transitions (here and later on only 63Cu transitions 
are given). / rel denotes the relative intensities of the DIT lines. The DIT lines below 200 kHz are affected by additional direct 
cross-relaxation, therefore no intensity ratios are given for these lines. *: in the normal DIT spectra these lines are very weak 
(they were not even reported as DIT lines by Minier et al. [9]).

Detection regime DIT DIT/SIT SIT

ŜIT, DIT/kHz 
're.
vSE/kHz
comment

1125
0.38

*

260 ( =  220+ 40) 
SE +

224
1

*

180 ( =  220-40) 
SE-

% 145 *125 « 4 0

overlapping

Table 5. The NQDOR “irradiation” lines as detected after low-temperature electron/proton irradiation or cold-work of 
copper. The frequencies vsrr DIT are observable with ordinary SIT or DIT, the frequencies vSE are those of the SE transitions 
detected in the present work. / rel denotes the relative intensities of the DIT lines.a: Minier et al. reported 3425 kHz for this 
line [9, 11], b: the line may be not seen with normal DIT because it is overlaid by other lines,c: assignment to shells around 
vacancies as proposed by Minier et al. [9, 11].

Detection regime DIT SIT

VSIT. DIt/^ ^ Z 3438 a 515 440 b 347 «85  «75
'rel 0.35 0.41 1 - 0.59 -
vSE/kHz 515 ( =  440 +  75) 365 ( =  440-75)
comment SE + SE~ overlapping
shell (Minier)c 1 2 (!) 3 4 5 7

The e -  irradiation reduced the intensities of the Be 
lines strongly and caused “irrad ia tion  lines” to  appear. 
The frequencies and intensity ratios of these lines 
agreed with those observed on e _-irradiated undoped 
copper by M inier et al. [9,11] and in our w ork (cf. 
Fig. 13 and Table 5). N o hitherto  unknow n lines were 
found in spite of intense search over the frequency 
range from 20 kH z to 4 M H z. (As m entioned above, 
the spectra shown in Figs. 10 and 11 include only part 
of the to tal frequency range scanned. This holds for 
the spectra of pure Cu containing intrinsic point 
defects and in Cu doped w ith Ni, too, cf. Tables 4 
and 5.)

Figures 11 and 12 survey the variations of the 
N Q D O R  spectra during a sequence of annealing 
treatm ents. In  agreem ent w ith the results of M inier 
et al. [11], in Stage III the irradiation  lines became 
unobservably small. F rom  this we deduce th a t after 
Stage III not m ore than 2%  of the initial concentra­
tion of the defects responsible for the irrad ia tion  lines 
in e~-irradiated  pure Cu rem ain while 16% of A q 0 is 
retained (dashed line in Figure 12). In agreem ent with 
the electrical resistivity, the S tage-Ill recovery of the 
Be lines is only partial; com plete recovery does not 
take place till Stage V.

4.4.2 D e f e c t  G e n e r a t i o n  in  C u  
by  D i f f e r e n t  T e c h n iq u e s

The present work employed three different m ethods 
to in troduce intrinsic point defects into Cu at low 
tem peratures, viz. e _ irradiation, p roton irrad ia tion , 
and cold-work. These three m ethods are expected to  
result in different defect patterns. Beforehand it was 
not clear w hether in the N Q D O R  spectra the intrinsic 
point defects could be separated from other defects 
such as dislocations and defect clusters.

E lectron irradiation of Cu with 1.2 • 1023 e - /m 2 at
3 MeV resulted in an increase of the residual electrical 
resistivity of /J^0 =  48pQ m  (CFP» 2 0 p p m ), p ro ton  
irrad ia tion  with 5 • 1020 p /m 2 at 3 MeV in A q0 = 
500 pQm (CFP % 200 ppm). The cold-w orked sam ple 
was rolled at about 77 K to a thickness reduction of 
67% , yielding Aq0 = 2.1 nfim. Since in this case dislo­
cations are known to contribute significantly to  Ag0, 
no Frenkel-pair concentration is given. All three spec­
tra  showed the same lines with essentially the same 
intensity ratios (cf. Fig. 13), whereas the ratio  of the 
line intensities to Ag0 is much smaller in the pro ton- 
irradiated and the cold-worked samples than  in the 
e _ -irradiated sample. Line widths and continuous
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Fig. 13. NQDOR spectra of an e -irradiated (♦), a proton-irradiated (a ), and a cold-worked sample (■), as measured before 
any annealing.

background increased in the sequence e _ irradiation, 
p ro to n  irradiation, cold-working. After all pre-treat- 
m ents the lines became invisible during S tage-Ill an ­
nealing.

P ilo t experiments on Cu foils tha t were quenched 
from  the melt by either melt-spinning or splat-cooling 
did not reveal any N Q D O R  lines which could be a t­
tribu ted  to  intrinsic point defects. This result appears 
to  be highly significant since in this type of treatm ent 
we expected vacancies and not interstitials to  be frozen 
in. A m ore detailed account of these experim ents will 
be published elsewhere [30].

4.4.3 D e m o n s t r a t i o n
o f t h e  S o l id  E f f e c t  in  C u a n d  C u / N i

M inier et al. [10] reported experim ental evidence for 
N Q D O R  SE lines in electron-irradiated Al bu t did 
no t investigate them  in detail. Solid-Effect lines in Cu 
were no t reported previously. Using the special r.f.-

irrad ia tion  techniques in zero applied m agnetic field 
described in Sect. 2.4, we found SE transitions in cop­
per containing 200 ppm  nickel and in both  cold- 
w orked and  p ro ton-irrad ia ted  copper (cf. Tables 4 and 
5). In  Fig. 14 this is illustrated on a pro ton-irradiated  
C u sample tha t had been annealed at 220 K, i.e. just 
below Stage III. It was irradiated  in zero field with 
two frequencies of widely different am plitudes, viz. 
w ith the frequency f s = 440 kH z and am plitude 
B t =  0.28 m T in order to sa turate the 5 transition  at 
th a t frequency (cf. Fig. 13 for the “norm al” D IT  spec­
trum  of a p ro ton-irrad iated  sample) and a variable 
frequency / search of am plitude ß ^ l ^ m T .  W hen 
/search coincides w ith the SE frequencies vs+E or [cf. 
Eq. (6)] an  enhanced absorp tion  (strong drop  in the 
m agnetization) should occur, yielding the butterfly 
pattern  typical for this kind of SE detection. F o r the 
irrad ia tion  lines in copper this was observed at 
vs+E =  365 kH z and =  515 kH z for 63Cu. N ote that 
SE transitions are possible for all com binations of v7
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Fig. 14. Solid Effect illustrated on a proton irradiated sample 
annealed at 220 K (i.e., just below Stage III). vs+E and vs~E 
indicate SE transitions associated with the line at vs . The r.f. 
irradiation conditions are explained in the text.

and vs which arise from isotopes with different nuclear 
quadrupole moments. In our example the con tribu­
tions of vs at 407 kH z (65Cu) and 440 kH z (63Cu) 
could be experimentally separated whereas the two v, 
transitions at abou t 75 kH z gave rise to a broadening 
of the observed SE transitions.

The structure visible in Fig. 14 between 400 and 
480 kH z is an artifact of the specific r.f. irradiation  
technique employed. It dem onstrates the characteris­
tics of the various irradiation  techniques: D uring the 
scan for SE transitions conditions sim ilar to  norm al 
D IT  arise when | / s — / search| « 15 kHz, yielding the 
wings of the D IT  line norm ally seen at vs . Only when 
/search becomes nearly equal to  the second applied 
frequency f s (at vs ) do we observe a sharp increase of 
the m agnetization, since now the situation is equiva­
lent to an SIT irradiation.

4.5 Discussion

4.5.1 N Q D O R  D a ta  a n d  L in e  A s s ig n m e n ts

As m entioned, under the present irrad ia tion  condi­
tions the Be doping employed in this paper increases 
the ratio  of isolated interstitials to  vacancies by m ore 
than a factor of 3. Hence we can conclude from the 
doping independence of their intensity ratios tha t all 
strong irradiation lines m ust be caused by the same 
defect. This v indicates an assum ption m ade w ithout 
experim ental proof by M inier et al. [9 -11] and is con­
sistent with the results obtained on the differently pre­
treated samples. W ith the exception of the quenching 
from high tem peratures none of the different m ethods

employed to create intrinsic point defects yielded spec­
tra  tha t differed significantly from the others in spite 
of the fact tha t the ratios of isolated interstitials and 
isolated vacancies were presum ably quite different.

Independently of the argum ents of the preceding 
paragraph  the dem onstration  that the 515 kH z line is 
a SE line proves that the quadrupolar splittings giving 
rise to  the lines at 75 kH z and 440 kH z are due to the 
same defect. The nuclei involved are presumably 
nearest neighbours. This should help in the final as­
signm ent of the lines. The following two statem ents 
m ay be m ade a t the present stage: (i) The shell assign­
m ent by M inier et al. [9 -11], who thought that all 
irrad ia tion  lines were due to monovacancies, cannot 
be m aintained since the 515 kH z transition does not 
correspond to  an EFG . (ii) Since the shells around 
<100) dum bbells may give rise to two E F G  values 
and since there is a zeroth shell, the assignment of the 
E F G  associated with the irradiation lines to  self-inter- 
stitials (see below) involves fewer shells than the 
M inier assignment. E.g., five distinct lines may be ac­
com m odated in the shells n = 0, 1, 2, whereas in the 
case of vacancies shells at least up to n = 5 were re­
quired.

We have not found lines that might be attributed  to 
the clusters formed by trapping of interstitials at the 
Be atom s during the e _ irradiation of the dilute Cu/Be 
alloy. This is not too surprising since a fairly wide 
variety of such clusters should be formed and the sym­
m etry of m ost of them should be rather low. We there­
fore expect them  to contribute to the background ab­
sorption. Nevertheless, we were able to  derive infor­
m ation on the clusters from the recovery of the Be 
lines during annealing (cf. Fig. 12), as will be shown 
elsewhere.

The results on the cold-worked sample dem onstrate 
tha t intrinsic point defects are observable by N Q D O R  
even in highly defective crystals containing large den­
sities of other defects. These make themselves felt by 
increased line widths due to inhom ogeneous line 
broadening and an increased background.

In agreem ent with the findings of M inier et al. [11], 
after S tage-Ill no irradiation  lines were visible on all 
samples, while a significant fraction of the additional 
residual resistivity Ag remained. This indicates 
strongly tha t the defects responsible for the strong 
irradiation  lines are not the same as those giving rise 
to  the irradiation-induced resistivity rem aining after 
S tage-Ill annealing. It is unlikely that the “N Q D O R  
defects” are vacancies since then the lines should have
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shown up in the quenching experiments referred to  at 
the end of Section 4.4.2. This conclusion is a t variance 
w ith the com putations of D rittler et al. [21] referred in 
Sect. 4.2, which predict the quadrupo lar transition  fre­
quency at the nearest neighbours of vacancies in Cu to 
be about 6 M Hz. Even if such a ra ther high frequency 
should have escaped detection in the present experi­
ments, in the frequency range thoroughly searched by 
us there should have been transitions a t m ore distant 
neighbours of the vacancies. Such transitions have not 
been found. The reason for this discrepancy between 
experiment and  com putation is not yet known.

The similarity of the Cu and  Al results suggests tha t 
the irradiation  lines in Al are not due to  vacancies 
either. In this case the absence of N Q D O R  lines a t­
tributable to vacancies is in agreem ent with the theo­
retical results of Furthm üller [22] (cf. Section 4.2).

O n the basis of the evidence discussed so far, the 
strongest candidates for the defects responsible for the 
well-developed irradiation lines are clearly self-inter­
stitials that m igrate in Stage III. R ather strong sup­
port for this viewpoint comes from the observations 
on e _ -irradiated C u /200 ppm  Be to be briefly dis­
cussed in the next section and  to  be expounded m ore 
fully elsewhere.

4.5.2 C o m p a r i s o n  o f  N Q D O R  
a n d  E l e c t r i c a l  R e s i s t i v i t y  R e s u l t s

As m entioned in Sect. 4.1, one approach to  a defi­
nite assignm ent of the N Q D O R  lines is the com ­
parison with da ta  obtained by other techniques. We 
illustrate this by considering the recovery of the 
“irradiation lines” as observed on the C u /200  ppm  Be 
sample after low -tem perature electron irrad ia tion  
(Fig. 12) with th a t of the electrical resistivity m easure­
ments on the same sample.

A key problem  in the in terpretation  of radiation- 
dam age experiments on metals is th a t in m ost fee and 
bcc metals, am ong them Cu and  its dilute alloys, there 
are two recovery stages tha t show all the features of a 
defect-antidefect annihilation reaction between the 
elementary intrinsic point defects, i.e., between vacan­
cies and self-interstitials. By trad ition  these stages are 
called IE (in Cu a t about 55 K) and III (in Cu at about 
250 K). In the course of tim e m any explanations for 
this “S tage-Ill dilem m a” have been proposed. M ost of 
them  have fallen into oblivion. The explanations 
which are still in use belong to  one of two b road  cate­
gories which have become know n under the names

tw o-interstitial model [1] and one-interstitial model 
[2].

The tw o-interstitial model resolves the S tage-Ill 
dilem m a in a very simple m anner by stating tha t in the 
metals showing Stage-IE recovery (Au does not!) in 
addition to  S tage-Ill recovery (which possesses the 
same features in all fee metals and therefore appears to 
be the m ore “basic” of the two stages in question) two 
mechanically stable self-interstitial configurations 
m ay exist. S tage-IE recovery is attributed  to the m igra­
tion  of so-called crowdions, which m igrate one-dim en- 
sionally (in fee metals along the <100)  directions), 
S tage-Ill recovery to the (three-dimensional) m igra­
tion  of the <100) dum bbells (cf. Section 4.1). The 
crow dion configuration is assumed to be m etastable 
with respect to  the <100)  dum bbell configuration and 
can be converted into the latter, e.g. by intense irrad i­
ation.

The one-interstitial model attributes the S tage-Ill 
reaction of the tw o-interstitial model (i.e., the annihi­
lation of vacancies by three-dim ensionally m igrating 
<100) dum bbell interstitials) to Stage IE. (This creates 
a serious difficulty in such cases as Au, where Stage IE 
has not been found in spite of intense efforts.) Hence, 
for Stage III ano ther explanation m ust be found. F o r 
this a num ber of proposals have been m ade in the 
course of time, the m ost popular being th a t in 
Stage III vacancies m igrate tow ards self-interstitial 
clusters tha t had  been formed at lower tem peratures.

Both m odels have in com m on that vacancies m i­
grate m ore slowly than self-interstitials. Both account 
for the com plete disappearance (within experim ental 
accuracy) of the N Q D O R  lines in Stage III by a t­
tributing  them  to the defects m igrating in tha t stage,
i.e., to  <100)  dum bbell self-interstitials in the case of 
the tw o-interstitial model and to  vacancies in the case 
of the one-interstitial model. As we have seen, these 
two in terpretations cannot be distinguished easily by 
considering the intensity ratios of the N Q D O R  lines 
(cf. Section 4.1). A distinction is possible, however, by 
com paring the line intensities with m easurem ents of 
the electrical resistivity. The decisive difference be­
tween the two m odels is tha t in the tw o-interstitial 
m odel the vacancy-self-interstitia l recom bination 
process ceases to  be the dom inant process when the 
vacancy concentration  has become so low tha t the 
m ajority  of the m igrating dum bbells react no longer 
w ith vacancies bu t with interstitial clusters, disloca­
tions etc. This accounts for the observation tha t a t the 
end of Stage III the recovery of the resistivity does no
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longer follow tha t of the N Q D O R  line intensity (cf. 
Section 4.4.1). By contrast, according to the one-in ter­
stitial model the same process takes place th roughou t 
Stage III, viz. the m igration of vacancies tow ards in­
terstitial clusters and the form ation of vacancy clus­
ters. The model can therefore not explain why over 
m ost of Stage III N Q D O R  lines and resistivity re­
cover in parallel while after a certain point the two 
quantities behave quite differently.

5. Conclusions

N uclear Q uadrupole D ouble Resonance has been 
shown to be a powerful tool for studying intrinsic 
defects in metals even if their concentration is low. 
Judged from the com parison with electrical-resistivity 
da ta  point-defect concentrations as low as a few ppm  
can be detected. Considerable progress has been 
achieved in the assignment of N Q D O R  lines as “fin­
gerprints” of such defects, in particular in the identifi­
cation of so called “Solid-Effect lines”. In  con trast to 
“norm al” N Q D O R  lines, the SE lines do no t corre­
spond to  individual electric field gradients bu t give 
inform ation on the positions of the atom s su rround­
ing the defects.

The weakness of the N Q D O R  technique is th a t it 
is confined to  a rather small num ber of metals. The
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